###### Highlights

-   Cav-1 (caveolin-1) deficiency promotes autophagy activation in vascular endothelial cells.

-   ATG (autophagy-related protein)-5--ATG12 complex colocalizes with caveolae, and silencing of Cav-1 influences the distribution of autophagosome components.

-   Increased autophagy in the endothelium mediates, in part, the atheroprotection observed in *Cav-1*^−/−^ mice.

-   Cav-1 deficiency attenuates endothelial cell activation in response to proatherogenic cytokines by enhancing autophagic flux.

Atherosclerosis, whose complications represent the leading cause of cardiovascular mortality, develops in arterial bifurcations and at the inner part of curvatures where blood flow is disturbed and shear stress (SS) is low.^[@R1]^ The dysfunctional endothelium in these specific areas triggers the release of proinflammatory cytokines and chemokines, the entry of pro-athero lipoproteins, and the migration of circulating monocytes into the subendothelial space to initialize atherosclerosis.^[@R2]^ Caveolae are 50 to 100 nm flask-shaped invaginations of plasma membrane, and Cav-1 (caveolin-1) is essential for caveolae biogenesis in endothelium, thus orchestrating Cav-1--dependent cholesterol transport, endocytosis, transcytosis, and signal transduction.^[@R3]^ We and others have revealed a critical role of Cav-1 in the progression of atherosclerosis through regulation of vascular inflammation and LDL (low-density lipoprotein) transcytosis.^[@R4]--[@R6]^

Autophagy is an evolutionarily conserved subcellular process mediating the degradation of proteins and damaged organelles via lysosomes.^[@R7]^ The link between autophagy and vascular functions has been described in both in vitro and in vivo studies. High autophagy flux is observed in atheroprotective laminar SS-stimulated endothelial cells (ECs) of human and murine arteries, while ECs exposed to low SS are characterized by inefficient autophagy.^[@R8]^ Autophagy activation under laminar SS protects ECs from oxidative stress, upregulates endothelial NO synthase expression, and inhibits endothelial inflammation.^[@R9]--[@R11]^ Conversely, defective autophagy in ECs of hypercholesterolemic *Apoe*^−/−^ mice develops larger atherosclerotic lesions, which is related to an inflammatory, apoptotic, and senescent phenotype, as well as defects in endothelial alignment and vascular lipid homeostasis.^[@R8],[@R12]^ Similar to the colocalization of fluorescently labeled oxidized LDL and GFP (green fluorescent protein)-LC3 (light chain 3), electron micrographs identify gold-labeled native LDL within double membrane autophagosomes (APGs), which is LDLR (LDL receptor) independent.^[@R12]^ Knockdown of ATG (autophagy-related protein)-7 or treatment with chloroquine promotes oxidized LDL retention in retinal endothelium and lipid accumulation within the vessel wall, suggesting a requirement for intact endothelial autophagy for the maintenance of vascular lipid homeostasis and protection from atherosclerotic vascular diseases.^[@R12]^

Cav-1 has been recently shown to be involved in autophagy activation in adipocytes, cardiomyocytes, and cancer cells.^[@R13]--[@R15]^ Knocking down of Cav-1 in cultured bovine aortic ECs leads to a striking increase in the expression of the autophagic marker protein LC3BII, implying that Cav-1 is a critical determinant of autophagy.^[@R16]^ In this report, we identified the functional relationship of Cav-1 on autophagy activation in athero-prone areas characterized by disturbed flow and low SS and the effects of Cav-1 expression on the initiation of atherosclerosis through autophagy activation. We found that the absence of Cav-1 attenuates the initiation of atherosclerosis by promoting autophagic flux both in vascular ECs exposed to autophagy stimulation in vitro and in early atherosclerotic lesions in vivo. The effects of Cav-1 on autophagy activation were, in part, mediated by the interaction between Cav-1 and the ATG5-ATG12 complex and the alteration in the cellular localization of APG components, which impacts APG formation and autophagic flux. Notably, pharmaceutic inhibition of autophagy abrogated the atheroprotection observed in *Cav-1*^−/−^ mice, which implies regulation of autophagy by Cav-1 during atherogenesis.

Materials and Methods
=====================

The data that support the findings of this study are available from the corresponding author upon reasonable request. For details of reagents used, please see the Major Resources Tables in the [Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.120.314291).

Animal Procedures
-----------------

*Cav-1*^−/−^ and *Ldlr*^−/−^ mice were obtained from The Jackson Laboratory. *Cav-1*^−/−^*Ldlr*^−/−^ mice were obtained by breeding *Cav-1*^−/−^ and *Ldlr*^−/−^ mice. All of these mice were on a C57BL/6J genetic background. Endothelial-specific Cav-1 transgenic mice (*Cav-1*^*ECTG*^) carrying a canine Cav-1 transgene under the preproendothelin-1 promoter were backcrossed 6 generations with F6-generation *Cav-1*^−/−^ mice, as reported previously.^[@R17]^ Atherosclerosis was induced by feeding the mice a Western-type diet (No. D12108; Research Diets, Inc, New Brunswick, NJ) for 12 weeks. Mice used in all experiments were sex and age matched and kept in individually ventilated cages in a pathogen-free facility. For some experiments using PCSK9 (proprotein convertase subtilisin/kexin type 9) adeno-associated virus (AAV), AAV8-PCSK9 was injected intraperitoneally (1.0×10^11^ vector genome copies) to WT (wild type), *Cav-1*^−/−^, or *Cav-1*^*Rec*^ (*Cav-1*^−/−^*Cav-1*^*ECTG*^) mice to promote the degradation of LDLR and increase circulating cholesterol levels. Sex differences in atherosclerotic disease are known to be an important factor in mice.^[@R18]^ This study was primarily performed in male mice since the atheroprotection observed in mice lacking Cav-1 has been reported to be similar in male and female mice.^[@R4],[@R19]^ We used male mice unless otherwise stated to compare the present findings with our previous studies, where male mice were primarily used.^[@R4],[@R6]^ All of the experiments were approved by the Institutional Animal Care Use Committee of Yale University School of Medicine.

Histology, Immunohistochemistry, and Morphometric Analyses
----------------------------------------------------------

Mice were euthanized using 100 mg/kg ketamine and 10 mg/kg xylazine. Following anesthesia, the thoracic cavity was exposed immediately, and in situ perfusion fixation through the left cardiac ventricle was performed by thorough perfusion with PBS and 4% paraformaldehyde. Mouse hearts, aortas, and aortic arches were isolated, fixed O/N in 4% paraformaldehyde, dehydrated with 30% sucrose O/N, embedded in Optimal Cutting Temperature compound, and frozen at −80°C. For morphometric analysis, serial sections were cut at 6-μm thickness using a cryostat. Every third slide from the serial sections was stained with hematoxylin and eosin, and each consecutive slide was stained with oil red O (ORO) for the quantification of the lesion area and lipid accumulation, respectively. Aortic lesion size was obtained by averaging the lesion areas in 4 slides (12 sections) from the same mouse. Snap-frozen 6-μm rip sections from the aorta were utilized for immunofluorescence. Briefly, frozen aortic sections were fixed in 4% paraformaldehyde for 15 minutes, blocked with blocker buffer (5% donkey serum, 0.5% BSA, 0.3% Triton X-100 in PBS) for 1 hour at room temperature, incubated at 4°C O/N with primary antibodies for VCAM1 (vascular cell adhesion molecule 1; No. ab19569; Abcam), CD68 (No. MCA1957; AbD Serotec), CD31 (No. ab28364; Abcam), LC3B (No. 2775; Cell Signaling), or SQSTM1/p62 (sequestosome 1; No. ab56416; Abcam), and incubated with Alexa Fluor secondary antibody (Invitrogen, Carlsbad, CA) for 1 hour at room temperature. The stained sections were captured using a Carl Zeiss scanning microscope Axiovert 200M imaging system, and images were digitized under constant exposure time, gain, and offset. Results were expressed as the positive staining area (µm^2^) per length of the EC layer (µm) measured with the Image J (National Institutes of Health) software.

ORO Staining
------------

Neutral lipids in aortic frozen sections were detected by ORO staining as described previously.^[@R20]^ The frozen sections were thoroughly fixed in 78% methanol and stained with ORO solution (mixed with 35 mL of 0.2% ORO in methanol and 10 mL of 1M NaOH) for 50 minutes and then destained in 78% methanol for 5 minutes. The stained sections were captured with Olympus SZX16 stereo microscope and quantified with the Image J program.

Electron Microscopy Analysis
----------------------------

Mouse aortas were perfused and fixed by gravity monitoring a constant perfusion pressure of 40 cm H~2~O. For regular electron microscopy studies, mouse aortas were fixed with 2.5% glutaraldehyde and 2% paraformaldehyde in 0.1 M sodium cacodylate (pH 7.4) for 2 hours at room temperature. Tissues were postfixed in 1% OsO~4~ in the same buffer for 1 hour, then stained en bloc with 2% aqueous uranyl acetate for 30 minutes, dehydrated in a graded series of ethanol to 100%, and embedded in Poly/bed 812 for 24 hours. Thin sections (60 nm) were cut with a Leica ultramicrotome and poststained with uranyl acetate and lead citrate. Sample grids were examined with a FEI Tencai Biotwin transmission electron microscope at 80 kV. Digital images were taken using a Morada CCD camera fitted with iTEM imaging software (Olympus). Electron microscopy images were used to quantify APG compartments in the mouse aortic endothelium. Sampling and quantification was performed as described previously.^[@R21]^ The amount of APG compartment per endothelial area was calculated using Image J.

Proteolysis Measurements
------------------------

Mouse fibroblast (NIH3T3 cells) transfected with nonsilencing control RNA or Cav-1 siRNA were labeled with 3H-leucine for 48 hours, washed extensively, and incubated in media supplemented with an excess of cold leucine in the presence of serum or native LDL (60 µg/mL). Contribution of lysosomes to total protein degradation was analyzed after adding 20 mmol/L NH~4~Cl and 100 mmol/L leupeptin to block protein degradation by lysosomes. Rate of proteolysis was calculated as the percentage of the initial acid precipitable radioactivity (proteins) transformed into acid soluble radioactivity (amino acids and small peptides) at the indicated times.

In Vivo Application of 3-Methyladenine
--------------------------------------

WT and *Cav-1*^−/−^ mice injected with AAV8-*PCSK9* virus were fed a Western-type diet diet for 4 weeks to induce early-stage atherosclerosis. Each animal received intraperitoneal injection of 3-methyladenine (3-MA; 30 mg/kg; Sigma-Aldrich) twice a week during the Western-type diet feeding period.^[@R22]^ 3-MA was dissolved in PBS and kept at −20°C. The 3-MA solution was heated to 60°C immediately each time before injection. The heart was harvested after the last treatment for atherosclerotic plaque analysis.

In Vivo Autophagic Flux
-----------------------

To investigate the autophagic flux in vivo, *Ldlr*^−/−^ and *Ldlr*^−/−^*Cav-1*^−/−^ mice were subjected to intraperitoneal injection of 30 mg/kg chloroquine (Sigma-Aldrich) or PBS 48, 24, or 4 hours before euthanasia.^[@R8]^ The aortic arch was harvested for immunofluorescence staining of p62 and LC3B, and the descending aorta was harvested for Western blot analysis of p62.

Cell Culture, Treatment, and Transfection
-----------------------------------------

Human aortic ECs (HAECs), human coronary aortic ECs, human umbilical vascular ECs and EA.hy926 cells were obtained from American Type Tissue Collection. EA.hy926 cells are a human immortalized cell line commonly used to study ECs functions, including angiogenesis, NO production, and inflammation. Human primary and immortalized ECs were tested for mycoplasma contamination before performing the experiments. ECs were cultured in M199 complete medium (20% fetal bovine serum+endothelial cell growth supplement+0.1% Heparin+1% Pen-strep) unless stated otherwise. Off-target-plus siRNAs (Smartpool) against human Cav-1 (Cav-1 siRNA) and control siRNA (nonsilencing control RNA) were obtained from Dharmacon (Lafayette, CO). HAECs, human umbilical vascular ECs, and EA.hy926 cells were transfected with 40 nmol/L siRNA utilizing RNAiMax (Invitrogen) and analyzed 72 hours after transfection. In some experiments, cells were treated with 100 nmol/L of rapamycin (LC Laboratories, Woburn, MA) 24 hours before the end of the transfection period.

Lipid Raft Isolation
--------------------

Detergent-free lipid raft isolation was performed as described before.^[@R23]^ EA.hy926 cells were grown in 150-mm plates at confluence and washed 3× with ice-cold PBS. Cells were then scraped into 1 mL ice-cold sodium carbonate (500 mmol/L, pH 11.0) supplemented with a cocktail of protease inhibitors, homogenized using a Dounce homogenizer, and sonicated for 30 seconds at setting 2 on the Branson Sonifier 250. An aliquot was kept for protein quantification. Identical amount of protein from the different homogenates was then placed on the bottom of polycarbonate tubes and adjusted to 45% sucrose (w/v) by the addition of 2 mL of 90% sucrose prepared in 25 mmol/L MES (2-\[N-morpholino\]ethanesulfonic acid; pH 6.5, 0.5 M NaCl). A 5% to 35% discontinuous sucrose gradient was formed (4 mL of 35% sucrose and 4 mL of 5% sucrose, both in MES containing 250 mmol/L sodium carbonate) and centrifuged at 35 000 rpm for 18 hours in a SW40 rotor (Beckman Coulter). Twelve gradient fractions (1 mL) and a pellet were collected from the top and mixed with SDS-PAGE loading buffer. Equal volumes of each fraction were loaded, separated by SDS-PAGE, and assessed by Western blot.

Western Blot Analysis
---------------------

Cells were lysed in ice-cold buffer containing 50 mmol/L Tris-HCl, pH 7.4, 0.1 mmol/L EDTA, 0.1 mmol/L EGTA, 1% NP-40, 0.1% sodium deoxycholate, 0.1% SDS, 100 mmol/L NaCl, 10 mmol/L NaF, 1 mmol/L sodium pyrophosphate, 1 mmol/L sodium orthovanadate, 1 mmol/L Pefabloc SC, and 2 mg/mL protease inhibitor cocktail (Roche Diagnostics Corp). Protein concentrations were determined using the DC Protein Assay Kit (Bio-Rad Laboratories). Cell lysates containing 12.5 to 25 μg of protein were analyzed by SDS-PAGE and immunoblotting. Primary antibodies used include the following: Cav-1 (No. 610058; BD Biosciences), LC3B (No. 2775; Cell Signaling), SQSTM1/p62 (No. ab56416; Abcam), and β-actin (No. sc-69879; Santa Cruz Biotechnology), PKB/AKT (protein kinase B, also known as Akt; No. 9272; Cell Signaling), p-AKT (No. 9277; Cell Signaling), pS6K (No. 9205; Cell Signaling), S6K (No. 9202; Cell Signaling), ATG5 (No. 2630; Cell Signaling), connexin-43 (Cx-43; No. ab11370; Abcam), vinculin (No. v9131; Sigma), and HSP90 (No. 610419; BD Biosciences). Secondary antibodies were fluorescence-labeled antibodies (LI-COR Biotechnology). Bands were visualized using the Odyssey Infrared Imaging System (LI-COR Biotechnology). Densitometry analysis was performed with ImageJ software (National Institutes of Health) or Image Studio Lite (LI-COR Biosciences).

In Vitro Autophagic Flux
------------------------

The mCherry-GFP-LC3 plasmid was used to analyze the effect of Cav-1 on autophagic flux in vitro. mCherry-GFP-LC3 functions as an autophagy biosensor capitalizing on the pH difference between the acidic autolysosome and the neutral APG. By combining an acid-sensitive GFP with acid-insensitive mCherry, the acidic environment inside the lysosome quenches the fluorescent signal of GFP, while the mCherry signal is relatively stable. Yellow puncta (GFP positive/mCherry positive) indicate the formation of APGs, with these puncta turning red (GFP negative/mCherry positive) upon fusion of an APG with a lysosome. An increase in autophagy leads to more yellow and red puncta, while blocking fusion of APGs with lysosomes leads to an increase in yellow puncta but a decrease in red puncta. Briefly, EA.hy926 cells were infected with AAV2/2_mCherry-GFP-LC3 for 48 hours following transfection with nonsilencing control RNA or Cav-1 siRNA for 72 hours. After transfection, cells were cultured under basal conditions or in the absence of fetal bovine serum for 6 hours (starvation). Confocal images were analyzed to quantify the amount of green, red, and yellow puncta per cell. Data represent the average of 20 cells per treatment.

Confocal Microscopy
-------------------

In some in vitro experiments, immunofluorescence staining was analyzed using a Leica SP5 confocal microscope (Wetzlar, Germany). All gains for the acquisition of comparable images were maintained at a constant level. Measurement of Cav-1--positive fluorescence in the plasma membrane versus intracellular was assessed manually and nonblinded method by using Image J software (National Institutes of Health). Fluorescence intensity values (AU) using Image J and corresponding to traced lines in cells cultured in basal conditions or in the absence of fetal bovine serum for 6 hours (starvation) from individual stacks were obtained from at least 3 independent experiments. Data from a representative experiment were exported to and represented using GraphPad Prism 7. Specificity of the positive immunofluorescent staining was corroborated by substituting the primary antibody by a matched immunoglobulin. In some experiments, Pearson correlation coefficient was used to assess colocalization analysis by Image J (Coloc2).

Statistical Analysis
--------------------

Animal sample size for each study was chosen based on literature documentation of similar well-characterized experiments. The number of animals used in each study is listed in the figure legends. In vitro experiments were routinely repeated at least 3× unless otherwise noted. Data are expressed as mean±SEM unless otherwise indicated. Data analysis was performed using GraphPad Prism Software, version 7 (GraphPad, San Diego, CA). Normality (D′Agostino-Pearson omnibus or Shapiro-Wilk test) and equal variance (Brown-Forsythe) were analyzed using Prism 7 to determine whether the applied parametric test was appropriate. Statistical differences were measured using an unpaired 2-sided Student *t* test, 1-way ANOVA, or 2-way ANOVA with Bonferroni correction for multiple comparisons. A value of *P*\<0.05 was considered statistically significant.

Results
=======

Cav-1 Restrains Autophagy in the Aortic Endothelium
---------------------------------------------------

To assess in detail how Cav-1 influences EC morphology in athero-prone and athero-resistant areas, we analyzed the aortic endothelium in *Ldlr*^−/−^ and *Ldlr*^−/−^*Cav-1*^−/−^ mice by electron microscopy (Figure [1](#F1){ref-type="fig"}A). Interestingly, we found that *Ldlr*^−/−^*Cav-1*^−/−^ mice show a 2- to 3-fold increase in vesicular compartments compatible with autophagic vacuoles compared with *Ldlr*^−/−^ mice, suggesting that the absence of Cav-1 might enhance autophagy in vivo (Figure [1](#F1){ref-type="fig"}A). Injection with AAV-PCSK9 led to the degradation of hepatic LDLR and rapidly induced hypercholesterolemia.^[@R6],[@R24]^ Immunostaining of athero-prone areas from the *Cav-1*^−/−^ mice injected with AAV-*PCSK9* (*Cav-1*^−/−^*-AAV-PCSK9*) also showed higher levels of LC3B (Figure [1](#F1){ref-type="fig"}B) and significantly decreased the autophagy substrate p62 (Figure [1](#F1){ref-type="fig"}C) compared with the *WT-AAV-PCSK9* (control mice), suggesting an increase in autophagic flux. Conversely, the reexpression of Cav-1 in the aortic endothelium (*Cav-1*^*Rec*^ mice) reduced LC3B expression (Figure [1](#F1){ref-type="fig"}B) and increased p62 positive staining to similar levels observed in WT mice (Figure [1](#F1){ref-type="fig"}C), indicating EC autonomy. To confirm that changes in LC3 and p62 levels were indeed a result of increased autophagy, we treated mice with chloroquine to block lysosomal proteolysis and directly measure autophagic flux. We observed an accumulation of LC3B (Figure [1](#F1){ref-type="fig"}D) and p62 (Figure IA and IB in the [Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.120.314291)) in the aortic endothelium after chloroquine treatment that was significantly higher in *Ldlr*^−/−^*Cav-1*^−/−^ than in the *Ldlr*^−/−^ group, confirming an increase of autophagic flux in vivo in the absence of Cav-1.

![**Lack of Cav-1 (caveolin-1) in endothelial cells (ECs) promotes autophagy in vivo.** **A**, Representative electron microscopy (EM) image of the lesser curvature of *Ldlr*^−/−^ mice (**left**). **Middle**, Representative EM images of aortic ECs from the lesser curvature of *Ldlr*^−/−^ and *Ldlr*^−/−^*Cav-1*^−/−^ mice. Quantification of autophagosomes in ECs from the athero-prone area of the aortic arch in *Ldlr*^−/−^ and *Ldlr*^−/−^*Cav-1*^−/−^ mice is shown in the **right** and is expressed as number of autophagosomes (\#AC)/cell area (µm^2^). Data represent mean±SEM (\*\**P*\<0.01; n=3, average of 20 images per mouse). **B**, Representative immunofluorescence images of LC3B (light chain 3B) and CD31 (cluster of differentiation 31) staining in the lesser curvature of *WT*, *Cav-1*^−/−^, and *Cav-1*^*Rec*^ mice treated with adeno-associated virus (AAV)-PCSK9. White arrows in the magnified images indicate LC3B^+^ dots. Quantification is shown in **right** and represents the mean of LC3B^+^ dots per CD31^+^ cell (n=4 mice in each group and 15--30 ECs per mouse). Data represent the mean±SEM (\**P*\<0.05). **C**, Representative immunofluorescence images of p62 and CD31 staining in the lesser curvature of *WT*, *Cav-1*^−/−^, and *Cav-1*^*Rec*^ mice treated with AAV-PCSK9. **D**, Representative immunofluorescence images of LC3B and CD31 staining in the lesser curvature of *Ldlr*^−/−^ and *Ldlr*^−/−^*Cav-1*^−/−^ mice treated with PBS or Chloroquine. Quantification of LC3B^+^ staining is represented in **right** (n=4 mice in each group). Data represent the mean±SEM. \**P*\<0.05 compared with *Ldlr*^−/−^ mice treated with PBS; \#*P*\<0.05 compared with *Ldlr*^−/−^ mice treated with chloroquine (CQ). Data were analyzed by an unpaired 2-sided Student *t* test (**A**), 1-way ANOVA (**B**), or 2-way ANOVA (**D**) with Bonferroni correction for multiple comparisons. Scale bar=100 μm. EL indicates elastic lamina; L, lumen; and VSMC, vascular smooth muscle cell.](atv-40-1510-g001){#F1}

Cav-1 Regulates Autophagy by Attenuating Autophagic Flux in Human ECs
---------------------------------------------------------------------

We next assessed how Cav-1 expression influenced activation of autophagy in HAECs. Similar to the results observed in vivo, Cav-1 knockdown significantly increased LC3B puncta (Figure [2](#F2){ref-type="fig"}A) and reduced p62 levels (Figure [2](#F2){ref-type="fig"}B), suggesting that Cav-1--deficient ECs have an increased autophagic flux compared with control cells. Rapamycin treatment was used as a positive control for autophagy induction in HAECs (Figure [2](#F2){ref-type="fig"}A). To further demonstrate that Cav-1 expression influences the autophagic flux, we infected EA.hy926 cells with a construct encoding a mCherry-GFP-LC3 reporter gene.^[@R25]^ This approach facilitates the identification of APGs in both fluorescence colors and autolysosomes only in red fluorescence (GFP fluorescence is quenched at low pH as found in lysosomes). The ratio between the only red (autolysosomes) and dual color puncta indicates the measurement of the autophagic flux. Silencing of Cav-1 under starvation conditions (serum deprivation) significantly increased the total number of autophagic vacuoles as a result of higher content of both APGs and autolysosomes, thus suggesting that the higher autophagic flux observed in the Cav-1--deficient ECs was a combination of higher induction of autophagy and efficient APG clearance (Figure [2](#F2){ref-type="fig"}C). In agreement with these results, silencing Cav-1 in mouse fibroblast (NIH3T3 cells) resulted in significantly higher rates of lysosomal degradation of long-lived proteins compared with cells transfected with a nontargeting control sequence (nonsilencing control RNA; Figure II in the [Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.120.314291)). This is consistent with results observed previously in ECs and adipocytes,^[@R13],[@R16]^ indicating the important role of Cav-1 on autophagic flux in different cell types. Similarly, we observed a slight increase in autophagic flux under basal conditions in mouse fibroblasts (Figure II in the [Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.120.314291)). Together, these results demonstrate that Cav-1/caveolae influence autophagic flux in ECs.

![**Inhibition of Cav-1 (caveolin-1) increases autophagy in endothelial cells (ECs) in vitro.** **A**, Representative immunofluorescence images of LC3B (light chain 3B) expression in human aortic endothelial cells (HAECs) transfected with nonsilencing siRNA (NS) or Cav-1 siRNA (Si Cav-1) and incubated with rapamycin (100 nmol/L) to stimulate autophagy. Quantification is shown in the **bottom** and represents the number of LC3B puncta per cell (n=3 cells per field, 6 fields per experiment). Data represent the mean of 3 individual experiments±SEM (\**P*\<0.05 compared with NS). **B**, Representative Western blot analysis of p62 and Cav-1 in HAECs transfected with NS or Cav-1 siRNA (Si Cav-1). Actin was used as a loading control. Quantification is shown in the **right**. Experiments were performed 3 independent times. Data represent the mean±SEM (\**P*\<0.05 and \*\*\**P*\<0.001 compared with NS) and were analyzed by an unpaired 2-sided Student *t* test. **C**, Effect of Cav-1 silencing on regulation of macroautophagy. Representative fluorescence images from EA.hy926 cells transfected with NS or Si Cav-1, transduced with an mCherry-GFP (green fluorescent protein)-LC3 reporter construct, and incubated in the presence (basal) or absence (starvation) of serum. The number of autophagic vacuoles (AVs), autophagosomes (APGs), and autolysosomes (AUT) is shown in the **bottom**. Data represent the mean±SEM (\**P*\<0.05 compared with NS under basal condition) from 20 cells per triplicate. Data were analyzed by 2-way ANOVA with Bonferroni correction for multiple comparisons. Scale bar=10 µm.](atv-40-1510-g002){#F2}

Autophagy Regulates Cav-1 Cellular Localization
-----------------------------------------------

To determine the potential mechanism of enhanced autophagy in Cav-1--deficient HAECs, we initially analyzed whether Cav-1 silencing influences mTOR (mammalian target of rapamycin) signaling, which has been associated to the regulation of autophagy.^[@R26],[@R27]^ As seen in Figure III in the [Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.120.314291), Cav-1 inhibition does not affect mTOR signaling or LC3BII expression. Rapamycin was used as a positive control (Figure III in the [Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.120.314291)). A previous report has identified the relevance of Cx-43---a lipid raft/caveolae associated protein, in regulating the initial steps during APG formation.^[@R28]^ Connexins constitutively attenuate autophagy via direct interaction with several ATGs involved in the APG formation such as ATG16 and components of the PI3K (phosphoinositide 3-kinase) autophagy initiation complex (Vps34 \[vacuolar protein sorting 34\], Beclin-1, and Vps15).^[@R28]^ Vps34-dependent phosphorylation of lipids in specific intracellular membrane regions marks the site from where the APG membranes emerge and elongate through covalent conjugation of ATG5/ATG12/ATG16. Based on these observations, we wondered whether Cav-1 inhibition might influence the cellular localization of some APG components. To this end, we first determined how Cav-1 expression influences the cellular distribution of ATG5 using discontinuous sucrose gradient fractionation. This method allows the separation of tightly embedded membrane proteins that are buoyant (fractions 4--5, contains lipid rafts and caveolae) and nonraft proteins at the bottom of the gradient (fractions 7-P; Figure IV in the [Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.120.314291)). Our results showed a partial localization of ATG5 and LC3BII in the lipid raft fractions that cofractioned with Cav-1 (Figure [3](#F3){ref-type="fig"}A, quantified in right), while ATG5 levels in raft fractions were reduced by the inhibition of Cav-1 protein expression (Figure [3](#F3){ref-type="fig"}B). Interestingly, ATG5 levels decrease in lipid raft fractions in cells treated with the autophagy inducer rapamycin (Figure [3](#F3){ref-type="fig"}C, quantified in right). Indeed, densitometric analysis of concentrated lipid rafts showed a decreased ratio of ATG5/Cav-1 in cells treated with Rapamycin (Figure [3](#F3){ref-type="fig"}D). Together, our results suggest that release of ATG5 from the caveolae might promote APG formation and autophagic flux.

![**Cav-1 (caveolin-1) influences localization of autophagy components in lipid raft fraction from endothelial cells (ECs).** **A**, Representative Western blot of lipid raft fractionation in EA.hy926 cells transfected with nonsilencing siRNA (NS) or Cav-1 siRNA (Si Cav-1) showing differential distribution of autophagy components in different fractions. **Right** represents densitometric analysis of autophagy components in the fractions. **B**, Western blot analysis of ATG (autophagy-related protein)-5 and Cav-1 in concentrated raft fractions showing a reduction of ATG5 levels in Cav-1 knockdown cells. Equivalent amounts of protein were loaded, and the densitometric analysis is represented as relative expression compared with nonsilencing cells (n=3 each group). **C**, Representative Western blots of ATG5-ATG12 in lipid raft fractions from EA.hy926 cells treated with rapamycin or vehicle. Graph on the **right** represents the densitometric analysis of ATG5 in the sucrose fractions showing the differential distribution in the lipid raft vs nonraft fractions from ECs upon rapamycin stimulation. **D**, Western blot analysis of ATG5 and Cav-1 in concentrated lipid raft fractions showing a reduction of ATG5 levels upon rapamycin stimulation and its densitometric analysis represented as the ATG5/Cav-1 ratio (n=3 each group). Data in **B** and **D** represent the mean±SEM. \**P*\<0.05 compared with vehicle; \*\**P*\<0.01 compared with NS. Data presented in **B** and **D** were analyzed by an unpaired 2-sided Student *t* test.](atv-40-1510-g003){#F3}

Next, we analyzed whether the induction of autophagy influences Cav-1 expression and cellular localization in ECs. To test this hypothesis, we induced autophagy in ECs by culturing the cells in the absence of serum (serum starvation). Under these conditions, ECs showed an increase in LC3B punctate, increased levels of LC3BII, and a decrease of p62 levels (Figure V in the [Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.120.314291)). Notably, we observed that Cav-1 cellular localization was significantly altered upon autophagy induction. In basal conditions, Cav-1 is predominantly located in the plasma membrane, whereas during starvation, Cav-1 is internalized in intracellular vesicles (Figure [4](#F4){ref-type="fig"}A and [4](#F4){ref-type="fig"}B). In agreement with this finding, sucrose gradient fractionation analysis demonstrated a significant increase of Cav-1 expression in nonraft fractions upon starvation, indicating a translocation toward intracellular membrane compartments during autophagy activation (Figure [4](#F4){ref-type="fig"}C, quantified in bottom). Similarly, ATG5 and Cx-43 cellular distribution was also altered after autophagy induction (Figure [4](#F4){ref-type="fig"}C and [4](#F4){ref-type="fig"}D). We further characterized the intracellular localization of Cav-1 after autophagy induction. Interestingly, Cav-1 partially colocalized with LysoTracker in ECs, as well as with LC3B, under starvation conditions (Figure [4](#F4){ref-type="fig"}E and [4](#F4){ref-type="fig"}F; Figure VI in the [Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.120.314291)). Our results are in agreement with previous reports that have shown the presence of Cav-1 in lysosomal compartments during serum deprivation.^[@R29]^ Overall, these findings suggest that Cav-1 might influence autophagy by regulating the cellular localization of APG components and that the induction of autophagy promotes Cav-1 cellular redistribution.

![**Starvation mediates changes in Cav-1 (caveolin-1) subcellular localization.** **A**, Representative confocal images of Cav-1 expression (red) in EA.hy926 cells exposed to basal and starvation conditions. Scale bars=10 µm (**top**) and 5 µm (**bottom**). Nuclei were stained with DAPI (4′,6-diamidino-2-phenylindole dihydrochloride; blue). Experiments were performed 3 independent times. **B**, Representative analysis of Cav-1 expression by confocal microscopy in EA.hy926 cells. Fluorescence intensity plots for Cav-1 and signals along the arrow in the image during basal (red) and starvation conditions (blue) are shown in the **bottom**. Scale bars=5 µm. Similar fluorescence intensity plot was observed in EA.hy926 cells cultured under the same conditions in 3 independent experiments. **C**, Representative Western blot analysis of lipid raft fractionation in EA.hy926 cells cultured in basal conditions or fetal bovine serum starvation for 6 h showing differential distribution of Cav-1, ATG (autophagy-related protein)-5, Cx-43 (connexin-43), and LC3B (light chain 3B) along the sucrose fractions (highlighted in white squares). Densitometric analysis is shown in the **bottom**. **D**, Western blot analysis of ATG5 and Cav-1 in concentrated lipid raft fractions (F4+5) showing a reduction of ATG5 levels under starvation condition and its densitometric analysis represented as the ATG5/Cav-1 ratio (n=3 each group). Data represent the mean±SEM and were analyzed by an unpaired 2-sided Student *t* test. \**P*\<0.05 compared with lipid rafts under basal condition. **E**, Representative confocal images of EA.hy926 cells stained with Cav-1 (red) and LysoTracker (green) during starvation. Scale bars=5 µm. Detailed magnification on the **right** shows colocalization of LysoTracker positive vesicles with Cav-1 (arrows). Similar Cav-1 intracellular localization was observed in 10 to 15 cells analyzed in 3 independent times. **F**, Representative confocal images of EA.hy926 cells stained with Cav-1 (red) and LC3B (green) in basal and starvation conditions. Magnifications in the bottom show increased colocalization of Cav-1 with LC3B during starvation (arrows). Experiments were performed 3 independent times. Scale bar=5 µm. PM indicates plasma membrane.](atv-40-1510-g004){#F4}

Silence ATG5 Abrogates the Anti-Inflammatory Effect of Cav-1 Knockdown in ECs
-----------------------------------------------------------------------------

We previously reported that Cav-1 suppression attenuates proinflammatory cytokines (TNFα \[tumor necrosis factor-α\] and IL1β \[interleukin-1β\]) and oscillatory flow-induced inflammatory activation in ECs.^[@R6]^ Since autophagy has been associated with EC activation,^[@R8],[@R30]^ we next analyzed whether suppression of autophagy attenuates the anti-inflammatory phenotype observed in Cav-1 silenced ECs. As expected, Cav-1 silencing reduces VCAM1 expression in ECs stimulated with TNFα or IL1β. This effect was abrogated in cells transfected with ATG5 siRNA, suggesting that Cav-1 might control EC activation through regulation of autophagy (Figure [5](#F5){ref-type="fig"}).

![**ATG (autophagy-related protein)-5 inhibition attenuates anti-inflammatory effect of Cav-1 (caveolin-1) knockdown in endothelial cell (EC).** **A**, Representative Western blot analysis of VCAM1 (vascular cell adhesion molecule 1), Cav-1, ATG5, and HSP90 expression in human aortic endothelial cells (HAECs) transfected with nonsilencing siRNA, Cav-1 siRNA (Si Cav-1), or ATG5 siRNA (Si ATG5) and treated or not with TNFα (tumor necrosis factor-α) or IL1β (interleukin-1β). Densitometric analysis showing the intensity of the bands normalized by HSP90 (loading control) is shown below each band. **B**, Quantification of VCAM1 levels in ECs treated with TNFα or IL1β (n=3 independent experiments). Data represent the mean±SEM. \**P*\<0.05 and \*\**P*\<0.01 compared with Si Cav-1. Data were analyzed by 1-way ANOVA with Bonferroni correction for multiple comparisons.](atv-40-1510-g005){#F5}

Inhibition of Autophagy Attenuates the Atheroprotection Observed in Cav-1--Deficient Mice
-----------------------------------------------------------------------------------------

Previous reports have shown that autophagy regulates EC inflammation, endothelial-to-mesenchymal transition, redox status, and LDL transcytosis.^[@R8],[@R12],[@R16],[@R31]^ The physiological relevance of autophagy in ECs during atherogenesis has recently been revealed.^[@R12]^ Mice lacking ATG7 in the endothelium develop larger atherosclerotic plaques, suggesting that endothelial autophagic flux protects against the progression of atherosclerosis. Mechanistically, the authors found that impaired autophagic flux promotes lipid deposition in the artery wall and enhances vascular inflammation. To investigate the extent to which autophagy contributes to the atheroprotection observed in the absence of Cav-1, WT and *Cav-1*^−/−^ mice were injected with AAV-PCSK9, treated with the autophagy inhibitor 3-MA and fed a Western-type diet for 4 weeks. Immunostaining and Western blot analysis of p62 in the aorta confirmed the effectiveness of the 3-MA treatment in both WT and *Cav-1*^−/−^ mice (Figure [6](#F6){ref-type="fig"}A and [6](#F6){ref-type="fig"}B; Figure VII in the [Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.120.314291)). 3-MA treatment did not influence Cav-1 expression in ECs (Figure VII in the [Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.120.314291)), and circulating cholesterol and triglycerides levels were not altered compared with untreated WT and *Cav-1*^−/−^ mice (Figure [6](#F6){ref-type="fig"}C; Figure VIII in the [Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.120.314291)). Based on our previous findings, the deficiency of Cav-1 in ECs reduced atherosclerosis by inhibiting LDL transcytosis and vascular inflammation.^[@R4],[@R6]^ In this study, we found that the absence of Cav-1 attenuated lipid accumulation in atherosclerotic lesions of mice treated with 3-MA, suggesting that the increased autophagic flux observed in Cav-1--deficient mice does not contribute to lipoprotein transport or retention in the artery wall (Figure [6](#F6){ref-type="fig"}D, quantified in right). However, Cav-1 deficiency no longer resulted in changes in atherosclerotic plaque size following treatment with 3-MA (Figure [6](#F6){ref-type="fig"}E, quantified in right). Mechanistically, we found that 3-MA impairs the anti-inflammatory effect (VCAM1 expression and CD68^+^ cells in atherosclerotic plaques) found in *Cav-1*^−/−^ mice (Figure [6](#F6){ref-type="fig"}F and [6](#F6){ref-type="fig"}G, quantified in right). Together, these results identified autophagy as a relevant mechanistic component of the atheroprotective effects observed in the absence of Cav-1.

![**Inhibition of autophagy attenuates the atheroprotection observed in the absence of Cav-1 (caveolin-1).** **A**, Representative immunofluorescence images of p62 staining in the lesser aortic curvature of *WT* mice injected with adeno-associated virus (AAV)-PCSK9, treated with 3-methyladenine (3-MA) or PBS, and fed a Western-type diet (WD) for 4 wk. **B**, Western blot analysis of p62 expression in aortas from WT (wild type) mice treated as indicated in **A**. Vinculin was used as loading control. **C**, Total cholesterol, HDL (high-density lipoprotein) cholesterol, and triglyceride levels in *WT* and *Cav-1*^−/−^ mice injected with AAV-PCSK9, treated with 3-MA, and fed a WD for 4 wk. Data represent the mean±SEM (n=7 per group). \*\*\**P*\<0.001 compared with the PBS control group. Data were analyzed by 2-way ANOVA with Bonferroni correction for multiple comparisons. **D--G**, Representative histological analysis by hematoxylin and eosin (H&E) staining (**D**), oil red O (ORO; **E**), VCAM1 (vascular cell adhesion molecule 1; **F**), and CD68 (cluster of differentiation 68; **G**) of aortic roots isolated from *WT* and *Cav-1*^−/−^ mice injected with AAV-PCSK9, treated or not with the autophagy inhibitor 3-MA, and fed a WD for 4 wk. Quantification of the lesion area is shown in the **right** and represents the mean±SEM (n=4 per group). \**P*\<0.05, \*\**P*\<0.01, and \*\*\**P*\<0.001 compared with the PBS control group. Data were analyzed by 2-way ANOVA with Bonferroni correction for multiple comparisons. Scale bar=100 µm. NS indicates nonsilencing RNA.](atv-40-1510-g006){#F6}

Discussion
==========

In this study, we demonstrate that the absence of Cav-1 promotes autophagy activation in the aortic endothelium, which attenuates vascular inflammation and the initiation of atherosclerosis. These findings provide novel mechanistic insight into how endothelial Cav-1 expression might regulate the progression of atherosclerosis and suggest that increased autophagy might be involved in mediating some of the other atheroprotective effects observed in Cav-1--deficient mice, including the decrease of EC activation and LDL transport into the arterial wall.^[@R4],[@R32]^ The autophagy pathway is considered an important regulator of both inflammation and lipid metabolism.^[@R33],[@R34]^ Despite the presence of numerous autophagy-stimulating factors (oxidized lipids, proinflammatory cytokines, and reactive oxygen species) within atherosclerotic plaques, recent reports have identified the dysfunction of autophagy during atherogenesis.^[@R35],[@R36]^ Most importantly, a number of studies using cell type--specific deletion of ATG5 or ATG7 in ECs, vascular smooth muscle cells, and macrophages have demonstrated that defective autophagy in vascular and inflammatory cells accelerates atherogenesis.^[@R12],[@R37],[@R38]^ In particular, defective autophagy in ECs accelerates atherogenesis in hypercholesterolemic mice by promoting endothelial inflammation, senescence, and lipid retention.^[@R8],[@R12]^

Previous studies have shown that Cav-1 knockdown in ECs promotes mitochondrial reactive oxygen species production, metabolic switching, and autophagic flux.^[@R16]^ However, the pathways connecting mitochondrial oxidative metabolism, bioenergetics, and plasma membrane content with accelerated autophagy in Cav-1 deficient ECs remained poorly understood. More than 30 ATG proteins are involved in the APG formation and regulation, as components of several discrete functional units.^[@R39]^ Two ubiquitin-like systems are key to APG formation including ATG5-ATG12 conjugation and LC3 processing.^[@R40],[@R41]^ Notably, the localization of ATG5 in Cav-1 enriched lipid rafts and their direct interaction observed in this study and other group suggests that Cav-1 might suppress the activation of autophagy by interacting with ATG5, ATG12, and the active ATG5-ATG12 complex in ECs.^[@R42]^ Moreover, we found that the absence of Cav-1 influenced the cellular distribution of ATG5 and enhanced the release of ATG5 from other lipid raft fractions in the plasma membrane, which might be attributed to increased APG formation and autophagic flux in Cav-1--deficient mice. Besides the ATG5-ATG12 complex, Cx-43---a major component of plasma membrane gap junctions---has been previously shown to interact directly with Cav-1 and translocate intracellularly upon starvation as a requirement for autophagy activation, demonstrating a novel role of raft-enriched membrane proteins in this cellular process.^[@R28],[@R43],[@R44]^ Cx-43 also associates with several ATGs that are involved in the initial steps of APG formation, such as ATG6 and components of the PI3K autophagy initiation complex (Vps34, Beclin-1, and Vps15), and downregulates APG formation and autophagy activation.^[@R28]^ Most Cav-1--interacting proteins are retained and kept inactive in the caveolae due to their interaction with the caveolin-binding domain. Therefore, it is conceivable that upon autophagy activation, the interaction of autophagy components with Cav-1 in the plasma membrane is disrupted as we observed during starvation, releasing components like ATG5 and Cx-43 interacting proteins from the plasma membrane to initiate the formation of APG vesicles. Notably, we found that after induction of autophagy, Cav-1 translocated from the plasma membrane to intracellular membrane compartments, which further regulated the cellular distribution of APG components that interact directly with Cav-1 including ATG5 and Cx-43. The effects of Cav-1 on the cellular distribution of APG components provide further evidence of the regulation of APG formation and autophagy activation by Cav-1.

Our previous studies demonstrated that the absence of Cav-1 protects against atherosclerosis by attenuating LDL transcytosis and vascular inflammation independently of endothelial NO activation.^[@R6]^ Here, we found that suppression of autophagy in vivo using 3-MA, in part, abrogates the beneficial effects of Cav-1 deficiency during the initiation of atherosclerosis. Mechanistically, we discovered that inhibition of autophagic flux attenuates the anti-inflammatory effects observed in Cav-1 silenced ECs and in the endothelium of *Cav-1*^−/−^ mice. We also found that increased autophagic flux in *Cav-1*^−/−^ mice does not influence neutral lipid accumulation. These results were unexpected based in previous studies by Finkel et al^[@R12]^ demonstrating that autophagy controls lipoprotein transcytosis in vivo. Together, these results suggest that the increased autophagy found in mice lacking Cav-1 might protect against the progression of atherosclerosis by lessening vascular inflammation and macrophage infiltration in the artery wall. These findings are in accordance with our previous observations showing that overexpression of Cav-1 in ECs promotes atherosclerosis by increasing the expression of VCAM1 in the aortic endothelium.^[@R32]^ While these results suggest that the absence of Cav-1 in ECs diminishes inflammation through increasing autophagy, 3-MA treatment might also influence vascular smooth muscle cell and macrophage functions influencing atherogenesis.^[@R22]^ In fact, previous studies have shown that 3-MA administration to mice impairs atherosclerotic plaque progression and improves lesion stability by modulating macrophage autophagy, suppressing foam cell formation, and altering the immune microenvironment.^[@R22]^ Furthermore, autophagy is involved in the mobilization of lipid droplet-associated cholesterol for efflux, thereby impairing macrophage foam cell formation, which may also contribute to the progression of atherosclerosis.^[@R45]^ In contrast, inhibition of autophagy by 3-MA enhances vascular smooth muscle cell death and necrosis,^[@R46]^ which might promote the development of atherosclerosis as observed with vascular smooth muscle cell--specific deletion of ATG7 in mice.^[@R47]^ These studies provide evidence of both antiatherosclerotic and proatherosclerotic effects of 3-MA in the vessel wall. Further studies using endothelial-specific autophagy-deficient mice will be important for dissecting the specific contribution of autophagy in mice lacking Cav-1 during atherogenesis.

In summary, this study reports that Cav-1 deficiency in vivo significantly increased the autophagy flux in the endothelium of large vessels. The increased autophagy provides a novel mechanism by which the absence of Cav-1 protects against the progression of atherosclerosis and provides novel insight into the mechanisms by which Cav-1 expression controls autophagy.
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